The perceptibility curve test is a method for evaluating the psychophysical properties of radiographic systems. The concept of the perceptibility curve is based on the minimum perceptible exposure differences that are recorded by a particular imaging system. The perceptibility curve test was applied to a Charge-Coupled Device (CCD)-based digital intraoral radiography system in this study.
INTRODUCTION
The perceptibility curve test is a method used to evaluate the psychophysical performance of radiographic systems. The concept of the perceptibility curve, which was introduced by De Belder et al. 2) is based on the minimum perceptible exposure differences that are recorded by a particular imaging system [1] [2] [3] . The test object is provided with details that give a gradually increasing or decreasing signal relative to a homogenous background.
Radiographs of a test object with small signal differences, usually made of aluminum, are exposed to construct a perceptibility curve. The test object contains either holes or disks of the same material, having linearly increasing depth or thickness. A test object with a minimum thickness of 7 mm and several holes or disks having steps ranging 10m to 50m are usually employed. This method is considered suitable for obtaining reproducible results in the perceptibility curve test 8, [10] [11] [12] 14) . Both sensitometry and transfer theory have been generally applied to objective evaluations of imaging systems in dentistry using not only film-based analogue methods but also digital image acquisition 6, 9, 13) . There are many measurable physical parameters that describe radiographic system performance, such as dose response function, modulation transfer function, signal-to-noise ratio, and noise power spectrum. All of these affect perceptibility and are thus included in the perceptibility curve test. Researchers have made efforts to evaluate the comprehensive image quality and to establish criteria in connection with individual parameters. Since the perceptibility curve test includes viewing, it is a very useful complement to physical parameters.
CCDs for image acquisition have been subject to continuous development following their introduction into dental radiography. The aim of the present study was to apply the perceptibility curve test on a CCD-based digital intraoral radiographic system to evaluate its psychophysical properties.
MATERIALS AND METHODS

Digital imaging system
The Computed Dental Radiography system (CDR, Schick Technologies, Inc., Long Island City, New York, USA) was used for the evaluation. A size 1 CCD-based sensor and the original software, CDR for Windows, Version 1.6, were employed.
X-ray unit
A Coronis 20 dental X-ray unit (Asahi Roentgen Industry, Kyoto, Japan) was used in the range of 60 to 90 kVp. The tube current was set at 10 mA. The unit had a modified timer allowing the exposure time to be adjusted in 23 steps (0.01 to 5.0 s) at various intervals. Radiographs were exposed over the full exposure range of the CDR system.
Dose response function
The dose response function for the CDR system was determined by means of exposure to a homogeneous X-ray field. The focus-toobject distance was 40 cm. The exposure was measured with an ionization chamber Type 660 (Victoreen Inc., Cleveland, Ohio, USA) and subsequently converted to C/kg.
Test object and test radiographs
The test object was made of a square aluminum block, 28 mm in height and length and 10 mm in thickness which covered a part of the active area of the sensor (Fig. 1 ). An alu- Fig. 1 The object used for the perceptibility curve test minum step wedge was set in the residual area to avoid direct X-ray exposure to the sensor. The test object contained ten small details in the form of round holes with diameters of 1.5 mm. Their depths ranged from 0.05 mm to 0.5 mm in equal increments of ‫ע50.0‬ 0.01 mm. The positions of the details were randomly selected within a 12 by 12 mm area with a total of 16 possible positions. When test radiographs were exposed, the test object was randomly positioned in one of four possible orientations (0°, 90°, 180° and 270°) to prevent viewers from recognizing the pattern of details in the test radiographs. Four series of test radiographs were obtained by exposing the sensor at 60, 70, 80 and 90 kVp, respectively. Exposures with different kVp settings were made to cover the full exposure range of the system. The exposure time ranged from 0.01 s, which gave markedly underexposed radiographs, up to 0.80 s at 60 kVp or 0.40 s at 90 kVp, which gave full saturation. Thirteen to fifteen exposures were made at each kVp setting.
Observers' viewing
Six observers, oral and maxillofacial radiologists, evaluated the test radiographs on a computer monitor in SVGA mode (Brezza, 15 inch CRT monitor, Toshiba, Tokyo, Japan). The radiographs from the four series were displayed in random order. Observers were asked to state the number of spots representing holes in the test object that they could perceive in each radiograph. They were allowed to change both the contrast and the brightness of the monitor. The lighting of the room was slightly dimmed. When a response had been entered by an observer, one of the authors immediately displayed the next radiograph. The time duration for observing each radiograph was less than one minute. Results were subsequently used for the construction of perceptibility curves.
Perceptibility curves
The number of perceptible spots changes with increasing or decreasing exposure, and it is possible to determine the smallest perceptible difference in gray level on a computer monitor. In other words, the maximum number of perceptible spots corresponds to the perception threshold at each exposure. The average background gray level at the center of each radiograph was calculated by transferring the digital image data from CDR's software to an image processing software package, PhotoShop for Windows (Version 3.0, Japanese version, Adobe Systems, Tokyo, Japan). The mean gray level within the round area inside each representation of an object detail was calculated. The minimum difference in gray level between the area in a perceptible detail and the background was determined. Employing the linear relationship of the dose-response functions for each kVp setting, exposures corresponding to these gray levels were determined, and the ratio between them was calculated. The logarithm of this ratio equals ⌬logE because log(E b /E d )‫⌬ס‬logE b ‫⌬מ‬logE d ‫⌬ס‬logE if E b is background exposure and E d is the exposure representing a test object detail. For each case, ⌬logE as a function of the number of details was fitted using a linear least square approximation. Finally, the reciprocal values of all (⌬logE) min were calculated. Perceptibility curves were then constructed by plotting
‫1מ‬ as a function of logE.
RESULTS
An example of a series of radiographs exposed at 70 kVp is shown in Fig. 2 . The display format of the software CDR for Windows was used. The software permits measurements of pixel values. These are proportional to the exposure. A certain number of round details of the test object are perceptible in each radiograph. A test radiograph is exemplified in Fig. 3 . The CDR image was composed of ‫004ן027‬ (29 k) pixels. Since the pixel size was 48m, the active area for imaging was approximately ‫53ן91‬ mm. The observers recorded the number of details that they could perceive.
Data on ⌬logE as a function of the num- Fig. 4 x: Number of perceptible object details, y: ⌬log E they can perceive as they evaluate the test radiographs. Recently a simplified method to obtain perceptibility curves was proposed, and the authors indicated that their data agreed with conventionally obtained data 7) . Because this method is simplified, it seems likely that, in the future, it will be employed more frequently to evaluate new systems.
The perceptibility curve test was applied to the CDR system in this study. Both a high sensitivity and a high signal-to-noise ratio of the system have been reported 4, 5) . In comparison with another CCD-based digital imaging system 14) , relatively high peak values were observed in the perceptibility curves in the present system. This may be due to either the high signal-to-noise ratio as reported or the difference in viewing conditions. Thus, to construct perceptibility curves, exposure differences that corresponded to these thresholds were calculated from the dose response function and their reciprocal values were then plotted as a function of the logarithm of exposure.
When interpreting a perceptibility curve, an essential feature is its integral, i.e., the total number of just perceptible exposure differences that have been recorded. The integrals of the perceptibility curves obtained for all four kVp settings in this study were approximately the same. Differences may be explained partly by the fact that the basis of the test is subjective, and partly by uncertainties in fitting the data. Thus, it can be concluded that the sensor has essentially the same psychophysical properties at different kVp settings. Recently, the predictability of perceptibility curves was discussed 15) . The prediction may be performed employing a limited number of physical system parameters but necessitates knowledge of the performance of an average observer.
Diagnosis involves interpretation of radiographic signs, but the perceptibility curve test measures detection only. Furthermore, every test object will induce in its own characteristic perceptibility curves that are dependent on the size and shape of its details that give rise to different exposure differences. The perceptibility curve test is a laboratory test that can not be directly applied to a clinical situation. Nevertheless, the test is very useful when used to record test radiographs of the same test object under controlled conditions.
In conclusion, the number of details which the observers could perceive decreased ASSESSING IMAGE QUALITY BY PERCEPTIBILITY CURVE TEST linearly with decreasing ⌬logE values. The perceptibility curves that were constructed by plotting the reciprocal values of (⌬log E) min as a function of the logarithm of the exposure showed that the peak of the curves slightly shifted to lower exposures with increased kVp. The four perceptibility curves obtained at different kVp settings had essentially the same height and width, indicating the sensor basically records and displays the same radiographic information irrespective of the tube potential.
